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Abstract

:

Due to climate changes, we encounter irregular and low rainfall. It is important to effectively use groundwater and to select crops that can be grown with deficit irrigation in the summer period. Restricted irrigation reduces water consumption but it may cause losses in terms of yield and quality. Different agronomic practices can be used to minimize these losses. One of these practices is the application of foliar zinc fertilizer. In previous studies, zinc application was found to increase the bioavailability of cowpea grain. In this study, the effects of the application of zinc fertilizer on yield, some yield components, physiological traits, and grain quality characteristics of three different cowpea genotypes (Akkız, Karagöz, and a Local variety) were investigated under full (100%) and deficit (50%) irrigation. The field experiment was conducted using a randomized complete block split–split plot design with irrigation rates (100% and 50%) and foliar zinc application (0 and 60 kg ha−1) with three replicates used each season (2020 and 2021 growing seasons of cowpea) in the field crops trial fields of the Aydin Adnan Menderes University, at the Faculty of Agriculture, located in the western region of Turkey. Yield and quality characteristics such as grain yield, some yield components, grain protein content, grain mineral matter content, and grain amino acid content were measured. According to the data obtained, a 40% yield reduction was observed under restricted irrigation in the first year of the study. It was determined that zinc application under restricted irrigation increased the yield by approximately 10%. The second-year results found that the amount of essential amino acids such as histidine, phenylalanine, valine, and lysine increased with the zinc application. This study highlights that deficit irrigation conditions caused stress in the plant and caused losses in the yield and quality. Still, the severity of this stress was reduced by foliar zinc application, and it was determined that it positively affected grain yield and bioavailability in cowpea.
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1. Introduction


Cowpea is a legume that is grown in tropical and subtropical areas, especially in Africa. Of the approximately 15 million ha of cultivation area in the world, 14.8 million ha are located on the African continent, and 8.6 million tons of cowpea production of 8.9 million tons are obtained from the African continent [1]. Cowpeas can adapt to low fertile soils and arid conditions. In this way, they can adapt to high temperatures and low rainfall due to recent climate changes.



The Aegean Region, which has a Mediterranean climate with mild and rainy winters and dry and hot summers, is the region with the largest cultivation area in Turkey.



Drought is one of the most important abiotic stress factors that negatively affects grain yield [2,3]. The adaptation of plants to water deficits and survival may occur with different responses [4,5]. Many morphological, physiological, and molecular changes may occur in drought stress [6,7]. The most important physiological responses are decreased chlorophyll content, photosynthesis, and evaporation [8,9,10]. Among legumes, the cowpea is a plant that can tolerate these adverse conditions [5,9,10,11,12]. In addition, the cowpea experiences little change in its leaf water potential through osmotic adjustment under drought conditions [13]. Because of these characteristics, it is a product that can be utilized, especially in Mediterranean climate conditions where water scarcity is caused by high temperatures, irregular and low rainfall amounts, and global climate changes [13,14].



In recent years, longer drought periods and higher maximum temperature values have been observed in Mediterranean climate conditions compared to previous years. Climate change is felt more effectively in the region. Studies have predicted that the earth’s average temperature will increase by 2–4.5 °C [15]. Long temperature periods and extremely hot conditions in semi-arid regions cause water scarcity in crop production [16]. Water scarcity negatively affects the plant’s growth and development and thus, significantly reduces the grain yield. Under drought conditions, water is the most important factor determining the yield. It has been observed that water scarcity, especially during flowering and pod formation periods, negatively affects a plant’s yield by causing a decrease in the number of pods in the plant due to a decrease in the flowering rate and inhibition of nitrogen fixation [17,18,19].



Cowpea plants tend to turn their leaves vertically to reduce the amount of light coming in and lessen the effect of sunlight on the leaves when there is drought in the field [20]. In this way, cowpea, unlike many other plants, can survive the vegetative period under drought conditions. This is achieved using as much soil water as possible by deepening the roots of some varieties that can handle not getting enough water [21].



One of the most important characteristics of the cowpea is that it consists of plant parts with high nutrient content [22,23,24,25]. The grain is rich in protein content (23–32%) and amino acids such as lysine (427 mg g−1 N) and tryptophan (68 mg g−1 N). The grain contains protein, fiber, and minerals such as zinc, iron, and magnesium [26]. The mineral substances contained in the cowpea gain importance in meeting the nutritional needs of the rapidly increasing world population. Zinc is the most important element associated with human health, especially in developing countries [27]. In previous studies, while the grain yield and grain zinc content increased with the zinc fertilizer application in cereals [28,29,30,31], it was also determined that the amount of zinc needed for nutrition was met [28,29,32,33,34]. It is known that the tryptophan content of plants decreases, protein synthesis stops, and free amino acids accumulate in a zinc deficiency. This situation naturally causes yield and quality losses. The zinc intake of plants may affect their sensitivity to drought stress. Zinc is involved in detoxifying reactive oxygen species (ROS) and it is also important for reducing the production of free radicals by superoxide radical-producing enzymes [35]. Under drought stress, the plant may die due to the production of reactive oxygen species during photosynthesis [36]. In addition, in zinc deficiency, photosynthetic carbon turnover is impaired, oxygen production and activity are reduced, and sensitivity to drought increases [37].



Zinc is an essential element in human nutrition [38]. It is known that 17% of the world’s population suffers from inadequate zinc intake [39]. Many people do not receive adequate amounts of zinc in their diets [31,40]. Biofortification is the elimination of deficiencies in humans by increasing the concentrations of vitamins and minerals, which are widely deficient in society, in the products most consumed by society [41]. Increasing the amount of zinc in grains through fertilization has been observed in cereals and other crops [31,42]. Biofortification aims to improve zinc fertilizers’ application and develop crop varieties that take up more zinc from outside and accumulate it in the edible parts [31]. The bioavailability of zinc varies between 18 and 34%. Compensating for this low bioavailability is important for biofortification [39], because zinc application is associated with cowpea’s nitrogen metabolism and protein content [43]. Thus, zinc biofortification increases the zinc content in the cowpea grain, which is beneficial for human nutrition. As a result, exposure of the plant to zinc deficiency during drought may cause the drought sensitivity in the plant to become more pronounced.



Zinc is given to plants in two ways, through the soil, and through foliar application. Foliar application minimizes groundwater pollution [44,45,46]. In addition, zinc uptake from the soil is deficient in soils with high pH [47]. For these reasons, the foliar application of zinc becomes more attractive.



This study will provide information on deficit irrigation and the arid conditions that are expected to be experienced in many countries. The effect of zinc fertilizer applied under these conditions on grain yield and nutritional value will be determined. Some previous studies have been carried out on this subject, but detailed quality analyses, such as grain amino acid measurements in cowpea, have been lacking. This study aimed to determine the effects of foliar zinc application on grain yield, grain mineral matter content, and grain amino acid content under deficit irrigation conditions.




2. Materials and Methods


The study was conducted in 2020 and 2021 in the experimental field (27°51′ E, 37°51′ N, altitude 50 m) of the Department of Field Crops, at the Faculty of Agriculture, Adnan Menderes University, Aydin/Turkey.



According to Table 1, it has a sandy loamy characteristic in soil properties. The table shows that soil organic matter and potassium are low, while phosphorus and calcium are high. According to the results of soil analyses, it is observed that soil pH is high.



Figure 1 shows the experimental years’ average temperature and total precipitation values. It can be observed that the average temperature values exceeded the long-term average in both years. In the first year of the experiment, the average temperature in June exceeded all previous years. Notably, the average temperature in July and August of the second year was higher than in the other years. When the total rainfall values were analyzed, it was determined that the total rainfall in the trial years was lower than the total of the long years, and the lowest rainfall was obtained from the second year of the trial.



Three cowpea varieties (Karagöz, Akkız, and a local variety) were used in the experiment. Akkız and Karagöz varieties are registered in Turkey; while the local variety is not a registered variety, it is a variety that farmers in the region have been planting in their fields for many years to meet their consumption. The local variety was supplied by farmers producing in the region because it is not commercially produced. Two varieties (Akkız and Karagöz) were widely cultivated in the region. Local variety was supplied by farmers producing in the region. The experiment was conducted under normal irrigation (100%) and restricted irrigation (50%) conditions, with and without zinc (kg Zn ha−1, ZnSO4 as foliar spraying). Irrigation factor was used as the main plot, cultivar as sub-plot, and Zn treatments as split–split plot.



Before sowing, 40 kg ha−1 of nitrogen, phosphorus, and potassium were applied as 15-15-15 fertilizer. The weeds were controlled twice, at the beginning and post-flowering stages, by hand. After sowing, nitrogen fertilization (20 kg N ha−1) was applied at a 10–15 cm plant height.



Sowing was performed by regina model sowing machine manufactured by the Italian company Maschio-Gaspardo on May 9 of the first year and on 10 May of the second year. Each plot was 70 cm wide with 6 rows (5 m long). The randomized complete block split-split plot design with three replicates was used each season. Before sowing, 40 kg ha−1 of nitrogen, phosphorus, and potassium were applied as 15-15-15 fertilizer. The weeds were controlled twice, at the beginning and post-flowering stages, by hand. After sowing, nitrogen fertilization (20 kg N ha−1) was applied at a 10–15 cm plant height. Foliar zinc applications were applied at the beginning of the flowering period. Foliar treatments were applied with a portable, hand-held field plot sprayer at 250 kPa pressure using a water carrier volume of 400 L·ha−1.



The irrigation water to be applied to the plots was calculated based on the cumulative evaporation amount from the class A evaporation container multiplied (located near the experimental field) by different coefficients. In the study, 2 irrigation doses (full irrigation and deficit irrigation) were determined, in which different levels of cumulative evaporation were applied.



These are as follows:




	
Full irrigation (100%): Irrigation water applied for 7 days as much as possible for the cumulative evaporation measured with a screened US Weather Bureau Class A pan located at the meteorological station near the experimental field.



	
Deficit irrigation (50%): It was established that irrigation water was applied as 50% of full irrigation.








The equation given in [48] was utilized to apply to the plots.


I = Kpc · Ep · P · A











I = amount of irrigation water to be applied to the plot (L); Kpc = evaporation container coefficient 100%; Ep = cumulative evaporation amount (mm); P = Plant cover (%); and A = Plot area (m2) and drip irrigation method was used [49].



In the study, irrigation started when flowers were seen on the plants, and irrigation was carried out with a drip irrigation system every 7 days.



Plant height, number of pods per plant, number of grains per pod, leaf area index, leaf chlorophyll content, 100 grain weight, grain yield, grain protein content, grain mineral content, and grain amino acid content were measured.



Approximately 500 g samples were dried at 70 °C for 48 h. 100-seed weight (g) was determined by counting from dry seeds and weighing four replicates of 100 seeds.



Seed yield was calculated from 11.4 m2 (4 rows × 4 m × 0.7 m) harvested area in each plot (kg da−1).



Seed protein content (%), seed ash content (%), seed fiber content (%), and seed oil content (%) were measured by using Near Infrared Reflected SpectroscopyNIRS method Bruker MPA, German at Adnan Menderes University Agricultural Biotechnology and Food Safety Application and Research Center (ADÜ-TARBİYOMER) [50].



The seed mineral content (mg kg−1) was determined by atomic absorption spectrometry after ashing samples at 550 °C and dissolving ash in 3.3% HC1 [51] (Aydın Adnan Menderes University, Faculty of Agriculture, Department of Soil Science and Plant Nutrition Laboratory).



Seed amino acid content (g/100 g) and cowpea dry grains were ground after harvest, and random samples were prepared from each plot. A total of seventeen amino acids were measured.Seed. Amino acid analyses (high-performance liquid chromatography or high-pressure liquid chromatography, HPLC) were performed at Research and Application Center of Drug Development and Pharmacokinetics Laboratory in Ege University.



Statistical Analysis


Statistical analyses were conducted using JMP Statistical Analysis Software (version Pro 13) in the split–split plot design. The experimental data about each study parameter were subjected to statistical analysis using the variance analysis technique, and their significance was tested by the “F” test (Steel and Torrie, 1980). When differences were found in ANOVA, means were compared using Fisher’s protected least significant difference (LSD) test at p ≤ 0.05.





3. Results


The heat map (Figure 2) was improved, including the averages of agronomic traits of three cowpea cultivars treated with zinc fertilizer under different irrigation conditions for two years of the experiment.



Based on the results of the analysis of variance (Table 2), there was a significant difference between the years, so the averages for each year were evaluated separately. In the same way, the results of the analysis of variance showed that the mean values of the grain yield, biological yield, plant height, pod length, number of pods, number of grains in pods, 100 grain weight, and leaf area index were significantly better than those under deficit irrigation conditions in the first year.



The first-year irrigation dose × zinc and variety interactions were significant for a plant’s height. While 51.30 cm of the plant’s height was obtained under full irrigation conditions, 26.51 cm was observed under restricted irrigation conditions. It was concluded that a limitation in the irrigation dose significantly decreased the plant height. Similarly, in our study, the plant heights were ranked as local variety > Karagöz > Akkız at a statistically significant level. The plant height performance of the local variety was observed to be higher than the other two varieties. In the second year of our study, irrigation dose × zinc and variety × irrigation interactions were significant regarding the plant’s height. The difference between zinc application (40.37 cm) under full irrigation conditions and plant height (36.84 cm) of zinc-free plots under deficit irrigation conditions was significant. It was concluded that the response of plant height to zinc fertilization with full irrigation was positive. When the variety × irrigation interaction was analyzed, the difference between irrigation doses was insignificant in Karagöz and local varieties. In contrast, the difference between both irrigation doses was significant in the Akkız variety. Therefore, weobserved that deficit irrigation significantly affected the Akkız variety.



In the first year, the interactions did not make a difference in the number of side branches. However, in the second year, the irrigation dose × zinc interaction made a difference in the number of side branches, and the plots with a zinc application and full irrigation had the most side branches (3.23).



In the first year, there was a significant interaction between the irrigation dose, zinc level, and variety in terms of the number of pods. Under conditions where there was not enough water, the number of pods went down by a lot. The number of pods of Akkız (8.88) and the local variety (5.20) decreased significantly under restricted irrigation conditions. Zinc application was not effective under full irrigation conditions, but it positively affected Karagöz and local varieties under deficit irrigation conditions and increased the number of pods.



In the second year, the variety × irrigation interaction was found to be significant in terms of the pod number. The number of pods decreased significantly in Akkız, Karagöz, and local varieties under deficit irrigation conditions.



In the first year, the pod length was affected by the interactions between variety and irrigation and between irrigation and zinc. Using the variety × irrigation interaction, it was found that the Karagöz variety (12.05) responded significantly to water doses, and the pod length decreased significantly when there was not enough water. There was no significant difference between irrigation doses of other varieties. Pod length was higher under full irrigation × zinc application conditions than irrigation × zinc interactions. In the second year, the variety × irrigation interaction was determined to be significant. Among the varieties, the local variety was significantly affected by irrigation doses. The decrease in pod length of the local variety was found to be significant under deficit irrigation conditions.



The irrigation × cultivar interaction significantly increased the number of grains in the pod in the first year. The number of grains in pods of all varieties decreased significantly under the restricted irrigation conditions. Zinc fertilizer application had no significant effect on the number of grains in the pods. While there was no significant difference between the mean values of the varieties under full irrigation conditions, the number of grains in the pods of the Akkız (7.23) variety was higher than the others under restricted irrigation conditions. In the second year, the variety × irrigation interaction was significant. It was determined that the restricted irrigation conditions affected the local variety (5.17), which had lower grain numbers in the pods.



In terms of the weight of 100 grains, it was seen that the variety factor was important in the first year. The highest 100 grain weight among the varieties was observed in Karagöz (9.99 g) under full irrigation conditions. It was followed by local variety (8.79 g) and Akkız (6.81 g). The variety × irrigation dose interaction was significant in the second year. The responses of the varieties to irrigation doses were found to be significant. In both irrigation doses, the order of the varieties changed to Akkız > Karagöz > local variety. The lowest value in the deficit irrigation was measured for the local variety (9.10 g).



When the SPAD values were analyzed, it was observed that cultivars had a significant effect in the first year, and irrigation had a significant effect in the second year. Looking at the average values, it is observed that the SPAD values decreased under deficit irrigation conditions.



The variety factor was significant in terms of days to flowering in the first year. It was observed that the local variety flowered later among the varieties under both irrigation conditions. Akkız and Karagöz varieties flowered earlier than the local variety. However, the average number of days of flowering for the local cultivar (65 days) under deficit irrigation conditions was longer than full irrigation (59.0 days). In the second year, cultivar × irrigation × zinc application was found to be significant. It was observed that the varieties generally flowered faster under deficit irrigation conditions, especially Karagöz (55 days), which flowered faster under deficit irrigation conditions, and the local variety (69 days), which was the variety with the latest flowering period.



When the number of days to maturity values was analyzed, it was determined that the cultivar × irrigation × zinc application interaction was significant in the first year. The earliest variety was determined to be Akkız under full irrigation and zinc application conditions. However, the variety most affected by deficit irrigation conditions was the local variety, and the days to flowering and ripening were found to be longer. In the second year, the variety × irrigation × zinc fertilizer interaction was found to be significant in days to the flowering values. Akkız was found to be earlier than the other varieties, and the local variety was found to be later than the others. Variety × irrigation and variety × zinc fertilizer interactions were found to be significant in the second year in terms of days to maturity. Among the varieties, Karagöz (59 days) was significantly affected by restricted irrigation and showed a shorter ripening period under restricted irrigation conditions. This was followed by the Akkız variety and then the local variety.



First-year irrigation × zinc interaction was found to be significant for SPAD. According to the interaction, the zinc factor was significant under deficit irrigation conditions. The SPAD values of the zinc-free plots decreased significantly under restricted irrigation conditions. The irrigation factor was found to be significant in the second year. It was revealed that the drought conditions affected the plants.



In the first year, the interaction of variety × irrigation × zinc was found to be significant for the leaf area index. According to this interaction, the leaf area index of thr local variety (472.3) and Karagöz (438.1) was higher than Akkız (314.5) under full irrigation conditions. The responses of the varieties to restricted irrigation conditions were different, the local variety was significantly affected by restricted irrigation, and the leaf area index decreased. In addition, among the varieties, Karagöz was significantly affected by the zinc application, and the leaf area index increased with the zinc application in both irrigations. The variety × irrigation interaction was found to be significant in the second year. Variety responses to irrigation were found to be different, and the local variety was significantly affected by deficit irrigation. For this reason, the leaf area index of the local variety decreased significantly under deficit irrigation.



The first-year irrigation × zinc × variety interaction was found to be significant in biological yield values. It was observed that deficit irrigation conditions significantly affected the biological yield values. Water limitations caused a decrease in biological yield values. Karagöz (68.84) gave the lowest biological yield value under restricted irrigation conditions. Under full irrigation conditions, the biological yield value of the local variety (220.3) was the highest. In the second year, the irrigation and variety factors were statistically significant. Deficit irrigation caused a decrease in the biological yield. Among the varieties of the Karagöz, 110 had a higher biological yield than the others.



In the harvest index values, the irrigation × zinc application interaction was found to be significant in the first year. Under full irrigation conditions, the harvest index values were higher in zinc application (178.5). Under deficit irrigation and zinc-free conditions (78.8), the harvest index values decreased significantly. The variety factor was found to be significant in the second year. It was revealed that there was a ranking among the varieties, which was as follows: Karagöz > Akkız > local variety.



The variety and irrigation factors were significant in grain yield values in the first year. While 382.98 kg/da of yield was obtained under full irrigation conditions, 236.0 kg/da yield was measured under restricted irrigation conditions. Water limitations caused a significant decrease in the grain yield. All the varieties in the study showed a decrease in the grain yield under deficit irrigation conditions. However, Karagöz (292.2 kg/da) had the highest grain yield among the varieties, followed by Akkız (272.2 kg/da), and the local variety (140.5 kg/da). It was determined that the local variety had a lower yield than the other varieties at both irrigation doses. While zinc application was not found to be statistically significant, it was observed that the average grain yield values under deficit irrigation conditions increased with zinc application. Under stress conditions, the effect of zinc application on grain yield was found to be more significant. In the second year of the study, the irrigation × zinc × variety interaction was found to be significant. A decrease in the grain yield was observed under restricted irrigation conditions. The highest yield was obtained from Karagöz under restricted irrigation conditions. It was found that restricted irrigation conditions affected Akkız and local cultivars more. The yield values of the varieties under full irrigation and deficit irrigation conditions were ranked as Karagöz > Akkız > local variety. Zinc application had a positive effect on the grain yield under deficit irrigation conditions.



Figure 3 shows the mean of quality values. According to the results of variance analysis (Table 3), it was determined that grain copper, zinc, iron, potassium, magnesium, calcium, phosphorus, fiber, ash, oil, and protein contents were significantly superior to deficit irrigation under full irrigation conditions.



Regarding grain copper content, irrigation × variety, and zinc × variety interactions, were found to be significant in the first year. According to the irrigation × variety interactions, the grain copper content of the varieties was higher under full irrigation than under deficit irrigation. The varieties were ranked as Akkız > Karagöz > local variety in terms of the grain copper content. According to the zinc × variety interactions, zinc application positively affected the grain copper content in Akkız and local varieties. In the second year, the factors in the experiment were not found to be significant. However, according to the average results, it can be observed in Table 2 that the values obtained from restricted irrigation are lower.



In terms of the grain zinc content, zinc application was a significant factor in both years of the study. It was observed that zinc application significantly affected the grain zinc content in both years of the study. The grain zinc content of all varieties with zinc application under full and deficit irrigation conditions was higher than the plots without zinc application.



In the first year of the study, the irrigation factor had a big effect on the amount of iron in the grain. It was determined that deficit irrigation negatively affected the grain’s iron content. In the second year, the irrigation × zinc × variety interaction was found to be significant. The iron content was found to be higher under full irrigation conditions. Among the varieties, the order was Akkız > local variety > Karagöz. Zinc application was effective in the Akkız (39.78) variety under deficit irrigation conditions.



Regarding grain potassium content, interactions, and factors, they were insignificant in the first year. When the averages were evaluated, the data obtained from full irrigation were higher than from deficit irrigation. The local variety and Karagöz had the highest average grain potassium contents among the varieties. In the second year, irrigation × zinc × variety interactions were significant.



Regarding magnesium content, irrigation × variety zinc interaction was found to be significant in the first year of the study. In the second year, irrigation × zinc and irrigation × variety interactions were significant. For the grain calcium content, the zinc × irrigation interaction was found to be significant in the first year, while the irrigation × zinc × variety interaction was found to be significant in the second year. For the grain phosphorus content, the irrigation × zinc interaction was significant in the first year, while the irrigation × zinc × variety interaction was significant in the second year. The interaction of the irrigation × zinc × variety was significant for the grain fiber content in the first year.



In contrast, the irrigation factor was significant in the second year. For the ash content, the irrigation × zinc × variety interaction was found to be significant in the first year. In the second year of the study, the zinc × variety interaction was found to be significant.



Regarding the grain oil content, the irrigation factor was significant in the first year, while the irrigation × variety interaction was significant in the second year. Regarding the grain protein content, the irrigation × zinc × variety interaction was found to be significant in the first year. In the second year, the interaction and all factors were found to be insignificant.



The average data of grain amino acid contents are indicated in Figure 4. Eight of the seventeen amino acids measured are essential (histidine, threonine, valine, methionine, phenylalanine, isoleucine, lysine, and leucine), which are not synthesized in the body and are only taken in from food. The essential amino acids in the study were evaluated. According to ANOVA, the experiment factors were found to be insignificant in the first year, while the irrigation and zinc factors were found to be significant in the second year (Table 4). In the first year, it was determined that restricted irrigation significantly affected histidine values. Histidine values were higher under full irrigation (0.86) than under deficit irrigation (0.80). However, it was determined that the histidine value increased with the zinc application.



The negative effect of restricted irrigation on histidine values in the second year was observed significantly. When the threonine values were analyzed, it was determined that the factors in the experiment in the first year were not effective on threonine, and the values obtained ranged between 0.78 and 0.85. In the second year, the water factor significantly affected threonine. It was determined that the amount of threonine obtained from full irrigation conditions (0.85) was higher than from deficit irrigation (0.78).



Regarding the valine values, the irrigation × zinc application interaction was found to be significant in the first year. The highest value of valine (1.33) was obtained under full irrigation conditions and from zinc-treated plots. In the second year, the zinc factor was found to be significant. Zinc-treated plots (1.39) were higher than those without zinc treatment (1.25). It was observed that the values of the varieties were close to each other. The irrigation × variety factor was found to be significant for methionine. In the second year, zinc application was found to be significantly effective.



Regarding phenylalanine, the zinc factor was significantly effective in the first year. Phenylalanine values of zinc-treated samples (1.52) were higher than those of zinc-free samples (1.48). The irrigation × zinc application interaction was significantly effective in the second year.



In terms of isoleucine values, it was observed that the treatments were not significant in the first year. In the second year, the irrigation × variety and irrigation × zinc application interactions were significantly effective.



Regarding lysine values, treatments were not significant in the first year, but the zinc application factor was found to be significant in the second year. It was determined that zinc-free plots had lower lysine values.



Regarding leucine values, treatments were not significant in the first year. In the second year, the irrigation factor was found to be significant.



The results obtained in non-essential amino acids were evaluated. In the first year, aspartic acid was found to be significantly affected by the cultivar × zinc application interaction. In contrast, the effects of the treatments on glu, ser, gly, threonine, ala, cys, and pro were found to be insignificant, and the cultivar factor had a significant effect on arg. In the second year, the zinc × variety, irrigation × zinc application, and the variety × irrigation application interactions on asp were found to be significant. The zinc application × irrigation interactions on glutamic acid and SER were found to be significant. Irrigation factors significantly affected ala, thr, cys, and pro. For arg and gly, the irrigation × variety interactions were found to be significant.




4. Discussion


When the traits in the study were analyzed, the results were evaluated. The varieties were found to be significant in terms of days of flowering in the first year, and it was observed that the local variety flowered and matured later than the others. In the second year, the irrigation conditions significantly affected these traits, and flowering and physiological maturity periods were prolonged under full irrigation conditions.



The amount of irrigation had a significant effect on the leaf area index values, and in both years, when irrigation was limited, the leaf area index values were lower. Additionally, zinc application was found to be effective in the second year, and zinc-free plots had lower leaf area index values. Under full irrigation conditions, plants grew better, and the leaf area index was higher because they did not compete [46,52]. Ref. [52] stated that the most critical period for the leaf area index is between the pod-setting and grain-filling periods. When the plant is exposed to zinc deficiency, auxin deficiency in the plant causes defoliation [53].



SPAD values decreased under deficit irrigation conditions in this study. However, according to some researchers, drought stress changes the leaves’ anatomy, so leaves become smaller and thicker, and the SPAD value increases due to concentrated chlorophyll pigments in smaller cells [54,55]. Maintaining the chlorophyll concentration under drought stress helps stabilize photosynthesis [56]. The decrease in the chlorophyll content is associated with an increased production of oxygen radicals in the cell. The authors of [57] reported that with the decrease in chlorophyll concentration, the green color of the leaves decreases, and premature senescence of the plant occurs. The lowest SPAD values were obtained from a local variety under deficit irrigation conditions. In SPAD measurements made during the grain-filling period under high temperature and water stress conditions, 35.48 values were obtained under control conditions, 36.84 under high-temperature stress conditions, and 22.38 under water stress conditions, and it was determined that the chlorophyll content of the leaves decreased significantly in cases of water scarcity. Readings of the chlorophyll content (SPAD) during the grain-filling period in soybeans were said to be the best way to figure out how water stress hurts the plant’s ability to use nitrogen [58]. It has been reported that SPAD measurements made at grain filling showed a significant positive correlation in yield estimation [59].



It was observed that pod length, number of pods per plant, number of grains per pod, and 100 grain weight among yield components were affected by deficit irrigation. It was determined that the mean values of these traits decreased under deficit irrigation conditions. Cowpea is generally sensitive to drought during pod-set and grain-setting periods [10]. In terms of pod length and pod number, the zinc × irrigation interaction was significantly effective in some years. Zinc applied under restricted irrigation conditions had a positive effect on these traits. Concerning the grain yield, irrigation and variety factors in the first year and irrigation × zinc × variety interaction in the second year were found to be significant.



Drought applied five weeks after sowing was found to cause a flower drop and significantly reduce the grain yield by 67% [60]. Under post-flowering drought stress, the grain yield and forage yield of cowpea grown in the field both dropped by 65% and 40%, respectively [61]. It was also found that drought applied during the vegetative and flowering stages reduced the leaf area and affected the grain quality [62]. Drought stress reduces biomass production in many crops, including cowpea, by reducing photosynthesis, stomatal conductance, transpiration, and plant water status [63]. Drought reduces biomass production in cowpea [63]. Drought stress caused a reduction in the leaf area in cultivars [64]. Under drought conditions, cowpea is most susceptible to yield loss during flowering and grain filling [65]. Yield loss occurs due to reduced assimilation by the grain due to the inhibition of photosynthesis by closing stomata (stomatal limitations) [66]. In the cowpea water deficit, a 44.3% yield loss was determined [66]. Some studies determined that the soil zinc application did not affect the grain zinc content, and different cowpea cultivars responded differently in the grain yields, Melo et al., 2017.



The grain yield decreased under deficit irrigation conditions in the first year, and the lowest yield was obtained from the local variety.The highest average yield was obtained from the Karagöz variety in both years. In both years, zinc application under restricted irrigation conditions positively affected the grain yield of the varieties. Previous studies have shown that crop loss is higher in zinc deficiency and deficit irrigation conditions [67]. Oxidative stress conditions of plants under stress conditions such as drought and deficit irrigation limit the agricultural productivity. The inability to fully reduce oxygen causes active oxygen species to appear in the environment. Their damage to cellular structures is called “oxidative stress.” Active oxygen species resulting from oxidative stress have toxic effects and can cause crop losses. Under stressful circumstances, the plant’s antioxidant defense mechanisms that normally reduce active oxygen species start to increase them.



The scavenging effect of zinc on active oxygen species plays a key role here [35,67]. An adequate zinc supply under restricted irrigation conditions may cause the important components of the plant’s antioxidative defense system, which contains zinc, to tolerate these conditions effectively [35]. The average values of the second-year grain yield were observed to be lower than the first year. The fact that the average temperature values in the second year were higher than the long-term average and the average of the second year may have caused a decrease in crop loss. In cowpea, increases in night temperatures cause a 4–14% decrease in pod set and grain setting for each 0 °C above the threshold of 16 °C [68,69].



The measured quality traits—irrigation × zinc × variety interaction—significantly affected the protein ratio. It was observed that the protein ratio was negatively affected under restricted irrigation conditions. Protein synthesis may be suppressed in legumes under restricted irrigation conditions, and protein accumulation in legume grains may decrease when nitrogen breakdown and fixation are prevented under deficit water conditions [70]. Ref. [67] determined that zinc promoted seedling growth in durum wheat under drought conditions. In another study, the N, P, Fe, and Zn levels and, thus, the total protein content decreased with drought in bean seeds [71].



Protein quality decreased under high temperatures or poor irrigation conditions [72]. Genotypic factors and the environment are effective together in improving the grain’s protein content. In this study, it was observed that the average protein values increased with zinc application. Most proteins in biological systems require zinc in their structures. Foliar application of zinc fertilizer is a fast and effective method to increase the grain’s zinc content [73]. In cereals, the grain’s zinc concentration was found to be correlated with the grain’s protein content [70,71,72]. Foliar zinc applications have been observed to increase protein synthesis [74].



Increasing the micronutrient elements in the grain is the first step to making these foods a richer food source for humans. Foliar zinc application, it was found that the grain’s zinc content, which is one of its micronutrients, was significantly increased in both years. There are differences among crop species in the zinc uptake and tissue utilization efficiency [75]. In general, the zinc content of cereal grains is lower than that of legumes. For this reason, zinc deficiency may occur in cereal-based diets [76]. It is important to include legumes in the diet. Zinc application significantly affected the grain iron and phosphorus contents in the second year of the experiment. This study supports the importance of foliar zinc application in reducing yield loss and contributing toward bioavailability by increasing the grain’s micronutrient concentration, especially under restricted irrigation conditions.



In this study, a total of 17 amino acids were measured. Among these, eight are essential; that is, the eight amino acids that our body needs to take from outside. These are histidine, threonine, valine, methionine, phenylalanine, isoleucine, lysine, and leucine. When the results, especially those related to the essential amino acids, were analyzed, leucine and threonine were significantly affected only by deficit irrigation. All other essential amino acids were significantly affected by zinc application. In general, cowpea is low in sulfur-containing amino acids, and their consumption with cereals will make up for this deficiency. The low level of methionine in cowpeas can be overcome with such a diet. The relatively higher lysine content in cowpea will also help compensate for the cereals’ deficiency [77].



Among other amino acids, cysteine is known to favor zinc bioavailability. In this study, deficit irrigation had a significant effect on cysteine.



Iron and zinc have many biological functions. More than half of the iron in the human body is bound to hemoglobin, so the most obvious consequence of an iron deficiency is anemia. Zinc is a cofactor with various structural and catalytic functions in 10% of human proteins.



The bioavailability of iron and zinc in basic foods is low because of some complicated interactions. Some minerals are thought to be absorbed by humans at about 5% for iron and 25% for zinc [40]. Some amino acids, such as cysteine and histidine, can increase zinc absorption. For this reason, they are also called fortifiers [78].



Drought, spreading over an ever-expanding area and affecting an increasing number of countries, has become a factor limiting agricultural production. To solve this problem, different farming systems or crops with an unknown value should be used in new ways. This study shows that cowpea are a very valuable crop because they are naturally tolerant to drought and they can be grown with less water. They are also very nutritious and bioavailable.




5. Conclusions


When looking at the study results, it was found that limited irrigation had a significantly effect on grain yield and the components of yield. In the first year of the study, there was a 40 percent decrease in yield with limited irrigation (382.9 kg da−1) compared to full irrigation (235.0 kg da−1). However, the application of zinc fertilizer was effective in the manage stress, and yield increases were observed in zinc-applied plots under limited irrigation conditions. The yield performances of the varieties showed differences depending on the genotype. Among the cultivars, Karagöz has the highest yield in both years. This was followed by Akkız and local varieties, respectively. Local varieties developed vegetatively better than the other varieties.



In the second year of the study, the amount of zinc, iron, and copper in the grain changed because of the foliar zinc application. Grain bioavailability enriches the product in terms of nutrients; it is also possible to say that grain bioavailability may be affected by the amount of essential amino acids.







Author Contributions


Data curation, A.A.; Project administration, F.Ö.S. All authors have read and agreed to the published version of the manuscript.




Funding


The first year of the study was financed within the scope of the Adnan Menderes University scientific research projects (ZRF-20026) master thesis project by Abdullah AÇIK. The master thesis was written in the first year of the study.




Conflicts of Interest


The authors declare no conflict of interest.




References


	



FAO. Food and Agriculture Organization of the United Nations. Rome. 2018. Available online: http://faostat.fao.org (accessed on 20 October 2022).

	



Jain, C.; Saxena, R. Varietal differences against PEG induced drought stress in cowpea. Octa J. Environ. Res. 2016, 4, 58–62. [Google Scholar]

	



Eftekhari, A.; Baghizadeh, A.; Yaghoobi, M.M.; Abdolshahi, R. Differences in the drought stress response of DREB2 and CAT1 genes and evaluation of related physiological parameters in some bread wheat cultivars. Biotechnol. Biotechnol. Equip. 2017, 31, 709–716. [Google Scholar]

	



Carvalho, M.; Muñoz-Amatriaín, M.; Castro, I.; Lino-Neto, T.; Matos, M.; Egea-Cortines, M.; Carnide, V. Genetic diversity and structure of Iberian Peninsula cowpeas compared to world-wide cowpea accessions using high density SNP markers. BMC Genom. 2017, 18, 891. [Google Scholar] [CrossRef] [PubMed]

	



Carvalho, M.; Muñoz-Amatriaín, M.; Castro, I.; Lino-Neto, T.; Matos, M.; Egea-Cortines, M.; Carnide, V. Response of water deficit-stressed Vigna unguiculata performances to silicon, proline or methionine foliar application. Sci. Hortic. 2018, 228, 132–144. [Google Scholar]

	



Hayatu, M.; Muhammad, S.; Abdu, H.U. Effect of water stress on the leaf relative water content and yield of some cowpea (Vigna unguiculata (L) Walp.) genotype. Int. J. Sci. Technol. Res. 2014, 3, 148–152. [Google Scholar]

	



Toscano, S.; Farieri, E.; Ferrante, A.; Romano, D. Physiological and biochemical responses in two ornamental shrubs to drought stress. Front. Plant Sci. 2016, 7, 645. [Google Scholar] [CrossRef]

	



Kutama, A.S.; Hayatu, M.; Raliat, T.M.; Binta, U.B.; Abdullahi, I.K. Screening for some physiological mechanisms in some drought tolerant genotypes of cowpea (Vigna unguiculata (L.) Walp.). Stand. Res. J. Agric. Sci. 2014, 2, 59–64. [Google Scholar]

	



Agbicodo, E.M.; Fatokun, C.A.; Muranaka, S.; Visser, R.G.; Linden Van Der, C.G. Breeding drought tolerant cowpea: Constraints, accomplishments, and future prospects. Euphytica 2009, 167, 353–370. [Google Scholar] [CrossRef]

	



Turk, K.J.; Hall, A.E.; Asbell, C. Drought adaptation of cowpea. I. Influence of drought on seed yield 1. Agron. J. 1980, 72, 413–420. [Google Scholar] [CrossRef]

	



Timko, M.P.; Ehlers, J.D.; Roberts, P.A. Cowpea. In Pulses, Sugar and Tuber Crops; Springer: Berlin/Heidelberg, Germany, 2007; pp. 49–67. [Google Scholar]

	



Kröner, N.; Kotlarski, S.; Fischer, E.; Lüthi, D.; Zubler, E.; Schär, C. Separating climate change signals into thermodynamic, lapse-rate and circulation effects: Theory and application to the European summer climate. Clim. Dyn. 2017, 48, 3425–3440. [Google Scholar] [CrossRef]

	



Shackel, K.A.; Hall, A.E. Comparison of water relations and osmotic adjustment in sorghum and cowpea under field conditions. Funct. Plant Biol. 1983, 10, 423–435. [Google Scholar] [CrossRef]

	



Lionello, P.; Scarascia, L. The relation of climate extremes with global warming in the Mediterranean region and its north versus south contrast. Reg. Environ. Chang. 2020, 20, 31. [Google Scholar] [CrossRef]

	



Raza, A.; Razzaq, A.; Mehmood, S.S.; Zou, X.; Zhang, X.; Lv, Y.; Xu, J. Impact of climate change on crops adaptation and strategies to tackle its outcome: A review. Plants 2019, 8, 34. [Google Scholar] [CrossRef]

	



Farré, I.; Faci, J.-M. Deficit irrigation in maize for reducing agricultural water use in a Mediterranean environment. Agric. Water Manag. 2009, 96, 383–394. [Google Scholar] [CrossRef]

	



Streeter, J. Effects of drought on nitrogen fixation in soybean root nodules. Plant Cell Environ. 2003, 26, 1199–1204. [Google Scholar] [CrossRef]

	



Hu, M.; Wiatrak, P. Effect of planting date on soybean growth, yield, and grain quality. Agron. J. 2012, 104, 785–790. [Google Scholar] [CrossRef]

	



He, J.; Du, Y.L.; Wang, T.; Turner, N.C.; Yang, R.P.; Jin, Y.; Li, F.M. Conserved water use improves the yield performance of soybean (Glycine max (L.) Merr.) under drought. Agric. Water Manag. 2017, 179, 236–245. [Google Scholar] [CrossRef]

	



Ehlers, J.; Hall, A. Cowpea (Vigna unguiculata L. walp.). Field Crops Res. 1997, 53, 187–204. [Google Scholar] [CrossRef]

	



Condon, A.; Hall, A. Adaptation to diverse environments: Variation in water-use efficiency within crop species. In Agricultural Ecology; Jackson, L.E., Ed.; Academic Press: San Diego, CA, USA, 1997; pp. 79–116. [Google Scholar] [CrossRef]

	



Tan, H.; Tie, M.; Luo, Q.; Zhu, Y.; Lai, J.; Li, H. A review of molecular makers applied in cowpea (Vigna unguiculata L. Walp.) breeding. J. Life Sci. 2012, 6, 1190. [Google Scholar]

	



Boukar, O.; Fatokun, C.A.; Roberts, A.; Abberton, M.; Huynh, B.L.; Close, T.J.; Ehlers, J.D. Cowpea. Grain Legum. 2015, 10, 219–250. [Google Scholar] [CrossRef]

	



Ravelombola, W.S.; Shi, A.; Weng, Y.; Clark, J.; Motes, D.; Chen, P.; Srivastava, V. Evaluation of salt tolerance at germination stage in cowpea [Vigna unguiculata (L.) Walp]. HortScience 2017, 52, 1168–1176. [Google Scholar] [CrossRef]

	



Timko, M.P.; Singh, B. Cowpea, a multifunctional legume. In Genomics of Tropical Crop Plants; Springer: Berlin/Heidelberg, Germany, 2008; pp. 227–258. [Google Scholar]

	



Frota, K.M.G.; Mendonça, S.; Saldiva, H.N.; Cruz, R.J.; Arêas, J.A.G. Cholesterol-lowering properties of whole cowpea seed and its protein isolate in hamsters. J. Food Sci. 2008, 73, 235–240. [Google Scholar] [CrossRef] [PubMed]

	



Brown, K.H.; Rivera, J.A.; Bhutta, Z.; Gibson, R.S.; King, J.C.; Lönnerdal, B. International Zinc Nutrition Consultative Group (IZiNCG) technical document# 1. Assessment of the risk of zinc deficiency in populations and options for its control. Food Nutr. Bull. 2004, 25 (Suppl. 2), S99–S203. [Google Scholar] [PubMed]

	



Cakmak, I. Enrichment of cereal grains with zinc: Agronomic or genetic biofortification? Plant Soil 2008, 302, 1–17. [Google Scholar] [CrossRef]

	



Joy, E.J.; Stein, A.J.; Young, S.D.; Ander, E.L.; Watts, M.J.; Broadley, M.R. Zinc-enriched fertilisers as a potential public health intervention in Africa. Plant Soil 2015, 389, 1–24. [Google Scholar] [CrossRef]

	



Wang, B.; Abdalla, E.; Atrio-Barandela, F.; Pavon, D. Dark matter and dark energy interactions: Theoretical challenges, cosmological implications and observational signatures. Rep. Prog. Phys. 2016, 79, 096901. [Google Scholar] [CrossRef]

	



White, P.J.; Broadley, M.R. Biofortification of crops with seven mineral elements often lacking in human diets–iron, zinc, copper, calcium, magnesium, selenium and iodine. New Phytol. 2009, 182, 49–84. [Google Scholar] [CrossRef]

	



Cakmak, I.; Kalayci, M.; Kaya, Y.; Torun, A.A.; Aydin, N.; Wang, Y.; Horst, W.J. Biofortification and localization of zinc in wheat grain. J. Agric. Food Chem. 2010, 58, 9092–9102. [Google Scholar] [CrossRef]

	



Welch, R.M.; Graham, R.D. Breeding for micronutrients in staple food crops from a human nutrition perspective. J. Exp. Bot. 2004, 55, 353–364. [Google Scholar] [CrossRef]

	



Zou, C.Q.; Zhang, Y.Q.; Rashid, A.; Ram, H.; Savasli, E.; Arisoy, R.Z.; Cakmak, I. Biofortification of wheat with zinc through zinc fertilization in seven countries. Plant Soil 2012, 361, 119–130. [Google Scholar] [CrossRef]

	



Cakmak, I. Tansley Review No. 111 Possible roles of zinc in protecting plant cells from damage by reactive oxygen species. New Phytol. 2000, 146, 185–205. [Google Scholar] [CrossRef]

	



Goodman, B.A.; Newton, A.C. Effects of drought stress and its sudden relief on free radical processes in barley. J. Sci. Food Agric. 2005, 85, 47–53. [Google Scholar] [CrossRef]

	



Marschner, H.; Cakmak, I. High light intensity enhances chlorosis and necrosis in leaves of zinc, potassium, and magnesium deficient bean (Phaseolus vulgaris) plants. J. Plant. Physiol. 1989, 134, 308–315. [Google Scholar] [CrossRef]

	



White, P.J.; Broadley, M.R. Biofortifying crops with essential mineral elements. Trends Plant Sci. 2005, 10, 586–593. [Google Scholar] [CrossRef]

	



Kumssa, D.B.; Joy, E.J.; Ander, E.L.; Watts, M.J.; Young, S.D.; Walker, S.; Broadley, M.R. Dietary calcium and zinc deficiency risks are decreasing but remain prevalent. Sci. Rep. 2015, 5, 10974. [Google Scholar] [CrossRef]

	



Bouis, H.E.; Welch, R.M. Biofortification—A sustainable agricultural strategy for reducing micronutrient malnutrition in the global south. Crop Sci. 2010, 50, S-20–S-32. [Google Scholar] [CrossRef]

	



Lividini, K.; Fiedler, J.L.; De Moura, F.F.; Moursi, M.; Zeller, M. Biofortification: A review of ex-ante models. Glob. Food Secur. 2018, 17, 186–195. [Google Scholar] [CrossRef]

	



Kumar, S.; Pandey, G. Biofortification of pulses and legumes to enhance nutrition. Heliyon 2020, 6, 03682. [Google Scholar] [CrossRef]

	



Moura, J.D.O.; Rocha, M.D.M.; Gomes, R.L.F.; Freire Filho, F.R.; Damasceno e Silva, K.J.; Ribeiro, V.Q. Path analysis of iron and zinc contents and others traits in cowpea. Crop Breed. Appl. Biotechnol. 2012, 12, 245–252. [Google Scholar] [CrossRef]

	



Liu, R.; Lal, R. Potentials of engineered nanoparticles as fertilizers for increasing agronomic productions. Sci. Total Environ. 2015, 514, 131–139. [Google Scholar] [CrossRef]

	



Noroozlo, Y.A.; Souri, M.K.; Delshad, M. Stimulation effects of foliar applied glycine and glutamine amino acids on lettuce growth. Open Agric. 2019, 4, 164–172. [Google Scholar] [CrossRef]

	



Vaghar, M.S.; Sayfzadeh, S.; Zakerin, H.R.; Kobraee, S.; Valadabadi, S.A. Foliar application of iron, zinc, and manganese nano-chelates improves physiological indicators and soybean yield under water deficit stress. J. Plant Nutr. 2020, 43, 2740–2756. [Google Scholar] [CrossRef]

	



Alloway, B.J. Zinc in Soils and Crop Nutrition; International Zinc Association: Brussels, Belgium; International Fertilizer Industry Association: Paris, France, 2008. [Google Scholar]

	



Kanber, R. Irrigation of first and second crop groundnut using open water surface evaporation under Çukurova conditions. Reg. Soil Water Res. Inst. Publ. 1984, 114, 64. [Google Scholar]

	



Efetha, A.; Harms, T.; Bandara, M. Irrigation management practices for maximizing seed yield and water use efficiency of Othello dry bean (Phaseolus vulgaris L.) in southern Alberta, Canada. Irrig. Sci. 2011, 29, 103–113. [Google Scholar] [CrossRef]

	



Gislum, R.; Micklander, E.; Nielsen, J. Quantification of nitrogen concentration in perennial ryegrass and red fescue using near-infrared reflectance spectroscopy (NIRS) and chemometrics. Field Crops Res. 2004, 88, 269–277. [Google Scholar] [CrossRef]

	



Cakmak, I.; Sari, N.; Marschner, H.; Kalayci, M.; Yilmaz, A.; Eker, S.; Gülüt, K.Y. Dry matter production and distribution of zinc in bread and durum wheat genotypes differing in zinc efficiency. Plant Soil 1996, 180, 173–181. [Google Scholar] [CrossRef]

	



Liu, X.; Jin, J.; Wang, G.; Herbert, S.J. Soybean yield physiology and development of high-yielding practices in Northeast China. Field Crops Res. 2008, 105, 157–171. [Google Scholar] [CrossRef]

	



Lacerda, J.S.; Martinez, H.E.; Pedrosa, A.W.; Clemente, J.M.; Santos, R.H.; Oliveira, G.L.; Jifon, J.L. Importance of zinc for arabica coffee and its effects on the chemical composition of raw grain and beverage quality. Crop Sci. 2018, 58, 1360–1370. [Google Scholar] [CrossRef]

	



Souri, M.K.; Hatamian, M. Aminochelates in plant nutrition: A review. J. Plant Nutr. 2019, 42, 67–78. [Google Scholar] [CrossRef]

	



Souri, M.K.; Sooraki, F.Y. Benefits of organic fertilizers spray on growth quality of chili pepper seedlings under cool temperature. J. Plant Nutr. 2019, 42, 650–656. [Google Scholar] [CrossRef]

	



Movahhedy-Dehnavy, M.; Modarres-Sanavy, S.A.M.; Mokhtassi-Bidgoli, A. Foliar application of zinc and manganese improves seed yield and quality of safflower (Carthamus tinctorius L.) grown under water deficit stress. Ind. Crops Prod. 2009, 30, 82–92. [Google Scholar] [CrossRef]

	



Zahra, Z.; Arshad, M.; Rafique, R.; Mahmood, A.; Habib, A.; Qazi, I.A.; Khan, S.A. Metallic nanoparticle (TiO2 and Fe3O4) application modifies rhizosphere phosphorus availability and uptake by Lactuca sativa. J. Agric. Food Chem. 2015, 63, 6876–6882. [Google Scholar] [CrossRef]

	



Ahmed, S.U.; Senge, M.; Ito, K.; Adomako, J.T. Effects of water stress on soil plant analytical development (SPAD) chlorophyll meter reading and its relationship to nitrogen status and grain yield of soybean under different soil types. J. Rainwater Catchment Syst. 2010, 15, 33–38. [Google Scholar] [CrossRef]

	



Ergo, V.V.; Lascano, R.; Vega, C.R.; Parola, R.; Carrera, C.S.; Ergo, V.V. Heat and water stressed field-grown soybean: A multivariate study on the relationship between physiological-biochemical traits and yield. Environ. Exp. Bot. 2018, 148, 1–11. [Google Scholar] [CrossRef]

	



Fatokun, C.A.; Boukar, O.; Muranaka, S. Evaluation of cowpea (Vigna unguiculata (L.) Walp.) germplasm lines for tolerance to drought. Plant Genet. Resour. 2012, 10, 171–176. [Google Scholar] [CrossRef]

	



Belko, N.; Zaman-Allah, M.; Cisse, N.; Diop, N.N.; Zombre, G.; Ehlers, J.D.; Vadez, V. Lower soil moisture threshold for transpiration decline under water deficit correlates with lower canopy conductance and higher transpiration efficiency in drought-tolerant cowpea. Funct. Plant Biol. 2012, 39, 306–322. [Google Scholar] [CrossRef]

	



Hamidou, F.; Zombre, G.; Diouf, O.; Diop, N.N.; Guinko, S.; Braconnier, S. Physiological, biochemical and agromorphological responses of five cowpea genotypes (Vigna unguiculata (L.) Walp.) to water deficit under glasshouse conditions. Biotechnol. Agron. Société Environ. 2007, 11, 225–234. [Google Scholar]

	



Daryanto, S.; Wang, L.; Jacinthe, P.-A. Global synthesis of drought effects on cereal, legume, tuber and root crops production: A review. Agric. Water Manag. 2017, 179, 18–33. [Google Scholar] [CrossRef]

	



Tankari, M.; Wang, C.; Ma, H.; Li, X.; Li, L.; Soothar, R.K.; Wang, Y. Drought priming improved water status, photosynthesis and water productivity of cowpea during post-anthesis drought stress. Agric. Water Manag. 2021, 245, 106565. [Google Scholar] [CrossRef]

	



Hamidou, F.; Zombre, G.; Braconnier, S. Physiological and biochemical responses of cowpea genotypes to water stress under glasshouse and field conditions. J. Agron. Crop Sci. 2007, 193, 229–237. [Google Scholar] [CrossRef]

	



Daryanto, S.; Wang, L.; Jacinthe, P.-A. Global synthesis of drought effects on food legume production. PLoS ONE 2015, 10, e0127401. [Google Scholar] [CrossRef] [PubMed]

	



Candan, N.; Cakmak, I.; Ozturk, L. Zinc-biofortified seeds improved seedling growth under zinc deficiency and drought stress in durum wheat. J. Plant Nutr. Soil Sci. 2018, 181, 388–395. [Google Scholar] [CrossRef]

	



Hall, A.; Mutters, R.; Farquhar, G. Genotypic and drought-induced differences in carbon isotope discrimination and gas exchange of cowpea. Crop Sci. 1992, 32, 1–6. [Google Scholar] [CrossRef]

	



Hall, A.E.; Ismail, A.M.; Ehlers, J.D.; Marfo, K.O.; Cisse, N.; Thiaw, S.; Close, T.J. Breeding cowpea for tolerance to temperature extremes and adaptation to drought. In Challenges and Opportunities for Enhancing Sustainable Cowpea Production; International Institute of Tropical Agriculture: Ibadan, Nigeria, 2002; pp. 14–21. [Google Scholar]

	



Zhao, Y.; Takenaka, M.; Takagi, S. Comprehensive understanding of coulomb scattering mobility in biaxially strained-Si pMOSFETs. IEEE Trans. Electron Devices 2009, 56, 1152–1156. [Google Scholar] [CrossRef]

	



Cakmak, I. Biofortification of cereals with zinc and iron through fertilization strategy. In Proceedings of the 19th World Congress of Soil Science, Washington, DC, USA, 1–6 August 2010; CiteSeerX: Princeton, NJ, USA, 2010; pp. 329–346. [Google Scholar]

	



Guttieri, M.J.; McLean, R.; Stark, J.C.; Souza, E. Managing irrigation and nitrogen fertility of hard spring wheats for optimum bread and noodle quality. Crop Sci. 2005, 45, 2049–2059. [Google Scholar] [CrossRef]

	



Cakmak, I.; Hoffland, E. Zinc for the improvement of crop production and human health. Plant Soil 2012, 361, 1–2. [Google Scholar] [CrossRef]

	



Salih, H.O. Effect of Foliar Fertilization of Fe, B and Zn on nutrient concentration and seed protein of Cowpea “Vigna unguiculata”. J. Agric. Vet. Sci. 2013, 6, 42–46. [Google Scholar] [CrossRef]

	



Cakmak, I. Plant nutrition research: Priorities to meet human needs for food in sustainable ways. Plant Soil 2002, 247, 3–24. [Google Scholar] [CrossRef]

	



Graham, A.; McDonald, G. Effect of zinc on photosynthesis and yield of wheat under heat stress. In Proceedings of the 10th Australian Agronomy Conference, Hobart, Australia, 29 January–1 February 2001. [Google Scholar]

	



Farinu, G.O.; Ingrao, G. Gross composition, amino acid, phytic acid and trace element contents of thirteen cowpea cultivars and their nutritional significance. J. Sci. Food Agric. 1991, 55, 401–410. [Google Scholar] [CrossRef]

	



Shahzad, Z.; Rouached, H.; Rakha, A. Combating mineral malnutrition through iron and zinc biofortification of cereals. Compr. Rev. Food Sci. Food Saf. 2014, 13, 329–346. [Google Scholar] [CrossRef]








[image: Agronomy 13 01021 g001 550] 





Figure 1. Climatic data for the years of the experiment. 
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Figure 2. Mean values of grain yield and yield components. 
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Figure 3. Mean values of grain quality components. 
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Figure 4. Mean values of grain amino acid contents. 
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Table 1. Soil properties of the trial site.
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Soil Texture

	
pH

	
Organic Matter (%)

	
Phosphorus

(ppm)

	
Potassium (ppm)

	
Calcium

(ppm)

	
Sodium

(ppm)




	
Sand (%)

	
Silt (%)

	
Clay (%)






	
72

	
16.7

	
11.3

	
8.0

	
2.0

	
21

	
176

	
2978

	
101




	
Sandy loam

	
High

	
Low

	
High

	
Low

	
High

	
Low
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Table 2. ANOVA of grain yield and yield components.
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SOV

	
Df

	
Seed Yield

	
BY

	
HI

	
Plant H.

	
BN

	
Pod Lenght

	
PN






	
Years

	
1

	
*

	
*

	
*

	
*

	
*

	
*

	
*




	

	

	
2020

	
2021

	
2020

	
2021

	
2020

	
2021

	
2020

	
2021

	
2020

	
2021

	
2020

	
2021

	
2020

	
2021




	
I

	
1

	
*

	
-

	
*

	
*

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
-




	
Zn

	
1

	
-

	
-

	
*

	
-

	
*

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
-




	
C

	
2

	
*

	
-

	
*

	
*

	
*

	
*

	
*

	
-

	
-

	
-

	
-

	
-

	
*

	
-




	
I*Zn

	
2

	
-

	
-

	
-

	
-

	
*

	
-

	
-

	
*

	
-

	
*

	
*

	
-

	
-

	
-




	
I*C

	
2

	
-

	
-

	
*

	
-

	
-

	
-

	
-

	
*

	
-

	
-

	
*

	
*

	
*

	
*




	
Zn*C

	
2

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
-




	
I*Zn*C

	
11

	
-

	
*

	
*

	
-

	
-

	
-

	
*

	
-

	
-

	
-

	
-

	
-

	
*

	
-




	
SOV

	
Df

	
Seed Number

	
100 Seed Weight

	
SPAD

	
LAI

	
DOS

	
DOM




	
Years

	
1

	
*

	
*

	
*

	
*

	
*

	
*




	

	

	
2020

	
2021

	
2020

	
2021

	
2020

	
2021

	
2020

	
2021

	
2020

	
2021

	
2020

	
2021




	
I

	
1

	
-

	
-

	
-

	
-

	
-

	
*

	
*

	
-

	
-

	
-

	
-

	
-




	
Zn

	
1

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	

	
-

	
-

	
-




	
C

	
2

	
*

	
-

	
*

	
-

	
-

	
-

	
-

	
-

	
*

	
-

	
*

	
-




	
I*Zn

	
2

	
-

	
-

	
-

	
-

	
*

	
-

	
-

	
-

	
-

	
-

	
-

	




	
I*C

	
2

	
*

	
*

	
-

	
*

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
*




	
Zn*C

	
2

	
-

	
-

	
-

	

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
*




	
I*Zn*C

	
11

	
-

	
-

	
-

	
-

	
-

	
-

	
*

	
-

	
-

	
*

	
*

	
-








SY: seed yield, BY: biological yield, HI: harvest index, PH: plant height, BN: branch number, PL: pod length, PN: pod number, SNP: number of seeds per pod, 100 SW: 100 seed weight, SPAD: chlorophyll meter, LAI: leaf area index, DOF: days of flowering, and DOM: days of maturity. (*; significant at 5% probability level *: significant -: nonsignificant).
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Table 3. ANOVA of grain quality components (*: significant -: nonsignificant).






Table 3. ANOVA of grain quality components (*: significant -: nonsignificant).





	
SOV

	
Df

	
Cu

	
Zinc

	
Fe

	
Potassium

	
Magnesium

	
Calcium






	
Years

	
1

	
*

	
*

	
*

	
*

	
*

	
*




	

	

	
2020

	
2021

	
2020

	
2021

	
2020

	
2021

	
2020

	
2021

	
2020

	
2021

	
2020

	
2021




	
I

	
1

	
*

	
-

	
-

	
-

	
*

	
*

	
-

	
*

	
-

	
*

	
-

	
*




	
Zn

	
1

	
*

	
-

	
*

	
*

	
-

	
*

	
-

	
*

	
-

	
-

	
-

	
*




	
C

	
2

	
-

	
-

	
-

	
*

	
-

	
*

	
-

	
*

	
-

	
*

	
-

	
*




	
I*Zn

	
2

	
*

	
-

	
-

	
*

	
-

	
*

	
-

	
*

	
-

	
*

	
-

	
-




	
I*C

	
2

	
-

	
-

	
-

	
-

	
-

	
*

	
-

	
*

	
-

	
-

	
-

	
*




	
Zn*C

	
2

	
*

	
-

	
-

	
-

	
-

	
*

	
-

	
*

	
*

	
*

	
-

	
*




	
I*Zn*C

	
11

	
-

	
-

	
-

	
-

	
-

	
*

	
-

	
*

	
-

	
-

	
-

	
*




	
SOV

	
Df

	
Phosporus

	
Fibre

	
Ash

	
Oil

	
Protein




	
Years

	
1

	
*

	
*

	
*

	
*

	
*




	

	

	
2020

	
2021

	
2020

	
2021

	
2020

	
2021

	
2020

	
2021

	
2020

	
2021




	
I

	
1

	
-

	
*

	
-

	
-

	
-

	
-

	
*

	
-

	
-

	
*




	
Zn

	
1

	
*

	
*

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
-




	
C

	
2

	
*

	
*

	
-

	
*

	
-

	
*

	
-

	
-

	
-

	
*




	
I*Zn

	
2

	
*

	
*

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
-




	
I*C

	
2

	
-

	
*

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
-




	
Zn*C

	
2

	
-

	
-

	
-

	
-

	
-

	
*

	
-

	
-

	
-

	
-




	
I*Zn*C

	
11

	
-

	
*

	
-

	
*

	
-

	
-

	
-

	
-

	
*

	
-








(cu: copper, zn: zinc, fe: iron, k: potassium, mg: magnesium, ca: calcium, and p: phosphorus). (*; significant at 5% probability level *: significant -: nonsignificant).
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Table 4. ANOVA of amino acids of cowpea cultivars (*: significant -: nonsignificant).






Table 4. ANOVA of amino acids of cowpea cultivars (*: significant -: nonsignificant).





	
SOV

	
Df

	
ASP

	
GLU

	
SER

	
HIS

	
GLY

	
THR

	
ARG

	
ALA

	
TYR






	
Years

	
1

	
*

	
*

	
*

	
*

	
*

	
*

	
*

	
*

	
*




	

	

	
2020

	
2021

	
2020

	
2021

	
2020

	
2021

	
2020

	
2021

	
2020

	
2021

	
2020

	
2021

	
2020

	
2021

	
2020

	
2021

	
2020

	
2021




	
I

	
1

	
-

	
*

	
-

	
*

	
-

	
*

	
-

	
*

	
-

	
-

	
-

	
*

	
-

	
*

	
-

	
*

	
-

	
*




	
Zn

	
1

	
-

	
*

	
-

	
*

	
-

	
*

	
-

	
*

	
-

	
-

	
-

	
*

	
-

	
*

	
-

	
-

	
-

	
-




	
C

	
2

	
-

	
*

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	

	
-

	
-

	
-

	
-

	
-

	
-




	
I*Zn

	
2

	
-

	
*

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
*

	
-

	
-

	
-

	
-

	
-

	
-




	
I*C

	
2

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	

	
-

	
-

	
-

	
-

	
-

	
-




	
Zn*C

	
2

	
*

	
*

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
*

	
-

	
-

	
-

	
-

	
-

	
-




	
I*Zn*C

	
11

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	

	
-

	
-

	
-

	
-

	
-

	
-




	
SOV

	
Df

	
CYS

	
VAL

	
MET

	
PHE

	
ILE

	
LYS

	
LEU

	
PRO




	
Years

	
1

	
*

	
*

	
*

	
*

	
*

	
*

	
*

	
*




	

	

	
2020

	
2021

	
2020

	
2021

	
2020

	
2021

	
2020

	
2021

	
2020

	
2021

	
2020

	
2021

	
2020

	
2021

	
2020

	
2021




	
I

	
1

	
-

	
*

	
-

	
-

	
-

	
-

	
-

	
*

	
-

	
*

	
-

	
-

	
-

	
*

	
-

	
*




	
Zn

	
1

	
-

	
-

	
-

	
*

	
-

	
*

	
*

	
*

	

	
*

	
-

	
*

	
-

	
-

	
-

	
-




	
C

	
2

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
-




	
I*Zn

	
2

	
-

	
-

	
*

	
-

	
-

	
-

	
-

	
-

	
-

	
*

	
-

	
-

	
-

	
-

	
-

	
-




	
I*C

	
2

	
-

	
-

	
-

	
-

	
*

	
-

	
-

	
-

	
-

	
*

	
-

	
-

	
-

	
-

	
-

	
-




	
Zn*C

	
2

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
-




	
I*Zn*C

	
11

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
-








(ASP: aspartic acid, GLU: glutamic acid, SER: serine, HIS: histidine, GLY: glycine, THR: threonine, ARG: Arginine, ALA: alanine, TYR: tyrosine, CYS: cysteine, VAL: valine, MET: methionine, PHE: phenylalanine, ILE: isoleucine, LYS: lysine, LEU: leucine, and PRO: proline). (*; significant at 5% and probability level *: significant -: nonsignificant).
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